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The present-day topography of the Iberian peninsula can be considered as the result of the Mesozoic –Cenozoic
tectonic evolution of the Iberian plate (including rifting and basin formation during the Mesozoic and
compression and mountain building processes at the borders and inner part of the plate, during the Tertiary,
followed by Neogene rifting on the Mediterranean side) and surface processes acting during the Quaternary.
The northern-central part of Iberia (corresponding to the geological units of the Duero Basin, the Iberian Chain,
and the Central System) shows amean elevation close to one thousandmeters above sea level in average, some
hundreds of meters higher than the southern half of the Iberian plate. This elevated area corresponds to (i) the
top of sedimentation in Tertiary terrestrial endorheic sedimentary basins (Paleogene and Neogene) and
(ii) planation surfaces developed on Paleozoic and Mesozoic rocks of the mountain chains surrounding the
Tertiary sedimentary basins. Both types of surfaces can be found in continuity along the margins of some of the
Tertiary basins. The Bouguer anomaly map of the Iberian peninsula indicates negative anomalies related to
thickening of the continental crust. Correlations of elevation to crustal thickness and elevation to Bouguer
anomalies indicate that the dierent landscape units within the Iberian plate can be ascribed to dierent
patterns: (1) The negative Bouguer anomaly in the Iberian plate shows a rough correlation with elevation, the
most important gravity anomalies being linked to the Iberian Chain. (2) Most part of the so-called Iberian
Meseta is linked to intermediate-elevation areas with crustal thickening; this pattern can be applied to the two
main intraplate mountain chains (Iberian Chain and Central System) (3) The main mountain chains (Pyrenees
and Betics) show a direct correlation between crustal thickness and elevation, with higher elevation/crustal
thickness ratio for the Central Systemvs. the Betics and the Pyrenees. Other features of the Iberian topography,
namely the longitudinal pro  le of the main rivers in the Iberian peninsula and the distribution of present-day
endorheic areas, are consistent with the Tertiary tectonic evolution and the change from an endorheic to an
exorheic regime during the Late Neogene and the Quaternary. Some of the problems involving the timing and
development of the Iberian Meseta can be analysed considering the youngest reference level, constituted by
the shallow marine Upper Cretaceous limestones, that indicates strong dierences induced by (i) the overall
Tertiary and recent compression in the Iberian plate, responsible for dierences in elevation of the reference
level of more than 6 km between the mountain chains and the endorheic basins and (ii) the eect of Neogene
extension in the Mediterranean margin, responsible for lowering several thousands of meters toward the East
and uplift of rift shoulders. A part of the recent uplift within the Iberian plate can be attributed o sostatic uplift
in zones of crustal thickening.
1. Introduction
The Iberian topography is characterised bya high average elevation,
together with the presence of highly elevated at surfaces developed
all over the Iberian peninsula (the so-called Iberian Meseta). These
features de ne a landscape completely dierent from that of western
and Mediterranean Europe and more similar to elevated areas of
northern Africa and western Asia ( Birot, 1959; Gladfelter, 1971; Solé
Sabarís, 1978, 1983 ). High plains in Iberia can be classi ed according
to their geological nature: planation surfaces developed mainly on
Palaeozoic andMesozoic rocks and sedimentation surfaces of Neogene
rocks. Some of the problems involving the timing and development of
the Iberian Meseta are here analysed from the geological point of view,
considering the role of the overall Tertiary and recent compression in
the Iberian plate, the eect of Neogene extension in theMediterranean
margin, the tectonics of the Atlantic margin and the consequences of
isostatic uplift in zones of crustal thickening.
The particular topography of the Iberian plate has led to several
hypotheses, considering dierent ages and tectonic origin for the uplift,
and attempting to explain the highly elevated central area (the so-called
Meseta) of the Iberian microcontinent. The main topographic features of
the Iberian Meseta have been previously characterised from geomor-
phological studies and landscape analysis. Therefore, someof themodels
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proposed do not focus on the causes of uplift. Four groups of hypotheses
can be established, according to the proposed geometry and origin for
the Iberian Meseta: (1) more or less uniform uplift of the Iberian craton
after the complete erosion and formation of an Iberian peneplain at the
end of the Tertiary (see Vázquez Hoehne, 1992 and references therein),
(2) Tilting of the whole plate towards the west during the Quaternary,
Fig. 1.Main features of Iberian geology (A), N–S cross-section (B) showing the main compressional geological features and an E–W cross-section (C) showing extensional structures
between the Atlantic and Mediterranean continental margins.
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thus conditioning the drainage pattern of the whole Peninsula (see e.g.
Solé Sabarís, 1983 and references therein). (3) Dome-shaped structures
related to extension in the Mediterranean margin (Simón Gómez, 1984
and references therein). (4) Lithospheric folding, causing the differential
uplift of different parts of the Iberian plate and conditioning the
distribution of basins andmountains chains, bounded by folds and faults
(Cloetingh et al., 2002; De Vicente et al., 2007). Although hypotheses in
groups (1) and (2) are related to landscape analyses anddo not propose a
geological/geophysical approach to the origin of uplift, they must be
taken into account when considering analysis of events resulting in
distinct landscape evolution and their relative chronology.
The objectives of this paper are: (i) to describe the different types of
surfaces that constitute the IberianMeseta and topropose a classification
of surfaces according to the geological background, (ii) to establish a
relationship between crustal thickness and topography in the different
parts of the Iberian plate, (iii) to define the geological constraints neces-
sary to interpret the Iberian topography in terms of Tertiary/Quaternary
uplift and (iv) to discuss the origin of the highly elevated Iberian
topography, considering the formation of peneplains and the time in
which they reached their present position. We finally interpret Iberian
topography in terms of Paleogene structure, recent fracturing, exten-
sional movements, and isostatic rebound. Geological and geophysical
constraints are confronted with existing models for the Iberian Meseta.
2. Geological background
The topography of the Iberian plate is strongly conditioned by plate
tectonic evolution during the Mesozoic and the Tertiary (Casas-Sainz
and Faccenna, 2001; Casas and Cortés-Gracia, 2002; Rosenbaum et al.,
2002; Cloetingh et al., 2002; Tejero et al., 2006; Vergés and Fernández,
2006; De Vicente et al., 2007). During Mesozoic times, widespread
rifting along the eastern, northern and western margins of the Iberian
plate, and the eastwards displacement of the Iberianplatewith respect
to Europe were linked to the opening of the northern Atlantic and
rifting inwestern Europe (Alvaro et al., 1978; Ziegler, 1989, 1990; Salas
and Casas, 1993). Since the Late Cretaceous, African–Iberian–Europe
convergence and collision (with lithospheric subduction at the
southern Iberian margin, Blanco and Spakman, 1993) generated the
subsequent uplift of the Pyrenees, the Iberian Chain, the Central
System (Casas-Sainz and Faccenna, 2001), and other minor ranges and
strike–slip fault corridors (De Vicente and Vegas, 2009-this issue).
Thrusting and folding at the platemargins andwithin the Iberian plate
favoured the development of internally drained basins bordering the
main mountain chains: the Duero basin in the northern half of the
plate, and the high Tagus (Madrid) basin in its southern half (Fig. 1).
Conversely, the Aquitaine and Guadalquivir basins, located outside the
central part of the Iberian plate (the present-day Iberian Meseta),
Fig. 2. Sketch showing the main sedimentation and tectonic evolution events across Iberia (N–S and E–W trends) during the Tertiary.
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underwent a marine-continental foreland basin evolution (exorheic),
because they were open to the Atlantic ocean since their early
evolutionary stage. The Ebro basin underwent a complete evolution
from an exorheic foreland basin (turbiditic and molasse) during the
Eocene–Early Oligocene, then changing to endorheic during the Late
Oligocene and the Miocene (see e.g. Puigdefàbregas, 1975). The
changing of drainage type was driven by the uplift of the Pyrenean
thrust system at the northern plate boundary.
Extension during theMesozoicwas controlled by rifting (Fig.1),with
several important rift systems: (1) the Basque–Cantabrian–Aquitaine–
Pyrenean rifting system to the North, mainly controlled by E–W and
NW–SE normal faults (Soto et al., 2008 and references therein), (2) the
Iberian Basin, in the central-eastern part of the plate (Alvaro et al., 1978;
Salas and Casas, 1993; Van Wees et al., 1998), controlled by NE–SW
(dominant in the East, Antolín et al., 2008) and NW–SE (dominant in
the west, Casas et al., 2000b; Liesa et al., 2000, 2006) faulting, (3) the
Betic basins, in the south, separated from the Iberian plate by NE–SW
faults (Dewey et al., 1989; Crespo Blanc et al., 1994; Sanz de Galdeano,
1996; Gràcia et al., 2006), (4) the Lusitanian basin, controlled by N–S
normal faults delimiting the western Iberian passive margin (Montenat
et al., 1988; Pinheiro et al., 1996; Kullberg, 2000). Themain rifting stages
are Permian–Triassic and Early Cretaceous in age (Sopeña et al., 1983;
Salas and Casas, 1993; Van Wees et al., 1998; De Vicente, 2004). These
periods are associated with the maximum thickness of syn-extensional
deposits within the plate, although important depositional areas, spe-
cially linked to the northern plate margin also developed during the
Late Cretaceous (Martínez-Peña and Casas-Sainz, 2003; McClay et al.,
2004).
The convergence between Africa–Iberia and Europe from the
Late Cretaceous onwards brought about the inversion of Mesozoic
extensional basins and thick-skin basement uplift zones (Fig. 2). In
the central-eastern part of the Iberian peninsula, the Iberian Basin
became the Iberian Chain (Alvaro et al., 1978). Folding and thrusting of
the Paleozoic basement in areaswith nodeposition during theMesozoic
(sedimentary highs) were also uplifted, and subsequently formed
(i) the Spanish-Portuguese Central System (De Vicente et al., 2007
and references therein) and South of it (ii) the ENE–WSW-oriented
mountains chains located between the Central System and the Betic
Chain (Toledo Mountains and Sierra Morena, Cloetingh et al., 2002;
De Vicente, 2004). The Catalonian Coastal Range, in the East, consists of
both basement uplifts in areas with thin sedimentary cover and basin
inversion in basinal areas (Guimerà andAlvaro,1990;Roca andGuimerà,
1992; Roca, 1994). The Mesozoic basins located in the western
continental margin were also inverted during this stage (see e.g. Alves
et al., 2003). In the northern Iberian margin, the uplift of the Pyrenees
consisted of southward-directed basement thrusting together with the
inversion of the Cretaceous sedimentary basins (Muñoz, 1992; Teixell,
1998). A consequence of the Pyreneanupliftwas the closingof theDuero
Fig. 3. Comparison between geology and topography in the Iberian peninsula, where the development of high plains in different kinds of rocks can be seen.
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and Ebro basins in its northern edge, thus defining a substantial part of
the Iberian Meseta. Southwards, both basins were also closed by the
contemporary uplift of the main interior ranges: The Iberian Chain and
the Central System.
Extensional movements in the eastern and southern coasts of the
Iberian peninsula defined the present-day shape of the continental
platform and the oceanic troughs (Roca and Guimerà, 1992; Balanyá
et al., 1997). Extension during the Late Paleogene and the Neogene
formed the Valencia Trough (continental-intermediate crust, Vegas,
1992) and later on the Alboran Sea and the Algerian basin (Fig. 2), with
oceanic crust (Roca, 1994; Sàbat et al., 1995; Sanz de Galdeano, 1996;
Balanyá et al., 1997).
The sedimentary filling history of terrestrial basins shows some
common features (Calvo et al., 1993; Calvo, 2004) relatedwith tectonic
activity in the Iberianplate: (1) The earlier unitswere deposited during
the Eocene, with thick, time-continuous successions, dominated by
continental facies with high sedimentation rates. (2) The Duero and
Tagus basins begin to individualise since the Late Eocene, indicating
the first uplift of the Central System. (3) In contrast with this early,
homogeneous stage, during the Oligocene–Early Miocene, the sedi-
mentary filling of the basins was characterised by the formation of
discontinuities and/or sedimentary breaks (for definition and use of
these terms see e.g. Muñoz-Jiménez and Casas-Sainz, 1998), thus
defining several tecto-sedimentary units. Although the number and
the specific age of each of these units change fromone basin to another,
indicating different tectonic activity in the different basin borders, the
relevant fact is that the greatest number of sedimentary breaks was
concentrated during this period of time, allowing for the whole of
these units to be interpreted as syn-tectonic (De Vicente and Vegas,
this volume). (4) The final stages in the onshore geological evolution of
the Iberian plate are characterised by widespread lacustrine sedimen-
tation in the endorheic basins (Miocene, Anadón et al., 1990; Calvo
et al., 1993; Alcalá et al., 1994; Anadón and Moissenet, 1996; Alcalá
et al., 1997; Alonso-Zarza and Calvo, 2000; Alcalá et al., 2000) and the
beginning of capture and exorheism in the Duero, Ebro and Tagus
basins (Pliocene and Quaternary, Martín-Serrano, 1991; Gutiérrez
et al., 1996; García-Castellanos et al., 2003; Babault et al., 2006). Allu-
vial depositswere deposited by thefluvial network (Duero, Ebro, Tagus
rivers and their tributaries) installed on the ancient internally-drained
basins (Gutiérrez et al., 1996).
During the endorheic–exorheic transition, paleo-karstification pro-
cesses and erosion occurred in the Upper Miocene limestones
(Cañaveras et al.,1996). Thisdenudationepisodewasshortly interrupted
by alluvial fan sedimentation during the Late Miocene–Pliocene
(forming the Raña deposits) widespread on the Spanish Meseta, im-
mediately before configuration of the Quaternary fluvial network.
3. Geomorphology
3.1. A classification for the high plains in Iberia
Average elevation of the Iberian peninsula is about 660 m, cor-
responding to a 3700 m freeboard of the continental crust over the
surrounding oceanic plains. A clear distinction of topography can be
established between the northern and southern halves of the plate,
both separated by the Central System (Fig. 3). The northern half of
Iberia shows an average elevation of 800mand its southern half 500m
(the Betic Chain, for example, shows a mean elevation of about 700 m,
Fig. 4). The overall high topography, low relief landscape of the Iberian
Meseta is developed in the inner part of the plate, flanked clearly in the
north by the Pyrenees–Cantabrian mountains (Fig. 3), and not so
clearly in the South by the Betic Chain. Both marginal ranges are
Fig. 4. Topography of the Iberian peninsula showing the main traits of its landscape. Numbers indicate the average elevation of its different sectors.
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thrusting over the Iberian continental plate, what means that in both
situations the foreland to the mountain ranges is on the Iberian side.
The Iberian high topography consists mainly of remnants of high
plains, dissected by the present-day fluvial network. These remnants
of high plains are widespread in the northern half of the Iberian
microcontinent, and not so much in its southern half (Figs. 3 and 5).
From the geological point of view, twomain types of high plains can be
distinguished in the Iberian peninsula (Figs. 3 and 5):
– high plains coinciding with Tertiary sedimentary basins (Figs. 3
and 5A), with highest preserved deposits Late Miocene to Pliocene
in age and subhorizontal bedding. The main representatives of this
kind of surfaces (many of them erosional in their present form) are
in the Duero Basin (including the Almazan Basin), at elevations
between 700 and 1200 m a.s.l., and in the Eastern Tagus Basin, at
elevations between 500 and 1000m a.s.l. (Gracia Prieto et al., 1990;
Mediavilla et al., 1996; Gutiérrez Elorza and Gracia, 1997; Alcalá et
al., 1997; Cortés, 1999; García-Quintana et al., 2004; Benito-Calvo
and Pérez-González, 2007). In the Ebro Basin this kind of surfaces
is restricted to marginal areas near the basin margins, since most
structural surfaces developed near the central part of the basin are
lower than 500 m a.s.l. and cannot be considered as high plains.
Other structural surfaces can reach 800 m a.s.l. in the basin centre
but correspond to levels below the top of Neogene sedimentation
(Pérez-Rivarés et al., 2002, 2004).
– high plains consisting of eroded segments of Mesozoic and
Palaeozoic rocks with planation surfaces (pediplains), developed
on the mountain ranges (fold-and-thrust systems and basement
uplifts) formed during the Paleogene–Early Miocene (Figs. 3
and 5B,D,E). This type of surfaces are specially well developed
Fig. 5. Photographs showing different aspects of planation surfaces in the Iberian peninsula. A. High Duero basin, with Quaternary deposits partly captured by the Sil river network,
flowing towards the Miño. B. Planation surface (pediplain) in the central part of the Iberian Chain. A residual relief of Palaeozoic rocks can be seen in the background. C. High plains
(1200 m a.s.l.) developed on Mesozoic and Tertiary rocks in the Iberian meseta, as seen from a residual relief of Palaeozoic rocks. A residual endorheic area (small lake) can be seen.
D. Planation surface developed on Paleozoic rocks, not captured yet by the present-day fluvial network (Iberian Chain). E. Strongly dissected planation surface (1000 m.a.s.l.) in
Mesozoic (Triassic, Jurassic, Cretaceous) rocks in the Iberian Chain.
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throughout the Iberian Chain (between 1000 and 1600 m a.s.l.),
the Central System (between 900 and 1500 m. a.s.l.), in marginal
areas of the Pyrenees and the Cantabrian mountains (between
1000 and 1300 m a.s.l.), and finally in the Atlantic margin and
the Galician Massif (between 300 and 1700 m a.s.l, although
Quaternary sedimentation surfaces are at lower altitude). In
mountain chains, planation surfaces are well preserved close to
their borders with the Ebro and Duero basins, and in some areas
of the Central System and the ToledoMountains (Rodríguez Vidal,
1983; Simón Gómez, 1983, 1984; Moissenet, 1985, 1989; Gracia
Prieto et al., 1990; Vázquez Hoehne, 1992; Gutiérrez Elorza and
Gracia, 1997; Vidal Romaní et al., 1998), and their geometry
includes in some areas stepped levels around the highest massifs
(Casas and Cortés-Gracia, 2002). Stepped planation surfaces
developed in the northwestern corner of the Iberian peninsula
(Galician Massif, Fig. 3) linking the summit levels with sea level
(as the result of uplift and/or erosional stepping, Vidal Romaní et
al., 1998) are the counterpart of erosion surfaces developed on the
endorheic face of themountain chains. On the Atlantic margin the
different levels of erosion surfaces are aligned in N–S direction,
and have been interpreted as the result of horst-and-graben
tectonics involving re-activation of NNE–SSW faults linked to the
uplift of the Iberian Meseta during the Neogene and Quaternary
(De Brum Ferreira, 1991).
Both types of planation surfaces described can be in continuity
at the same elevation and are indistinguishable only from their
topographic details (i.e. from topographic maps, Fig. 4, although,
for example, karstification is more common on erosional surfaces
developed on Mesozoic limestones and structural reliefs or mesas
are typical of Neogene basins). The coupled origin of both kinds of
surfaces can be related with uplift/sedimentation histories along
the Tertiary compressional basin margins in the Iberian peninsula
(Guimerà and González, 1998; Casas and Cortés-Gracia, 2002). This
can be clearly deduced from some of the geometrical/topographical
relationships along the basin borders, for example between the
Castilian Branch of the Iberian Chain and the Tagus basin (Fig. 6). In
this section the sedimentation surface atop of the Tagus basin can be
prolonged northwards to the planation surfaces developed on
Mesozoic rocks of the Iberian chain, reaching the topographic
Ebro/Duero divide in the Aragonian Branch. Both kinds of planation/
sedimentation surfaces have been strongly dissected since the start
of the exorheic drainage, especially in the Ebro and westernmost
part of the Tagus Basins (see Figs. 4 and 5A,E). Planation surfaces
must be mapped by detailed analysis of contour maps, closely
spaced profiles and aerial photographs to ascertain their continuity
(Lidmar-Bergström 1988, 1996; Bonow et al., 2006). Correctly
mapped they can be used for conclusions on warping, tilting and
faulting (Lidmar-Bergström, 1988; De Brum Ferreira, 1991; Lidmar-
Bergström, 1996; Casas and Cortés-Gracia, 2002; Bonow et al.,
2006). The first type (Neogene top sedimentation surfaces) can be
reconstructed when the youngest sediments are partly preserved,
what is the case in the heads of the three main Tertiary basins (Ebro,
Duero, and Tagus), and taking into account the dip of beds, usually
shallowly dipping toward the basin centre. Erosional voids in the
Ebro, Duero and Tagus basins can be calculated according to the
Fig. 6. Topographic-geological cross-section through the Aragonian Branch and the Castilian Branch of the Iberian Chain and the Tagus basin, showing the relationship between the
depositional and planation surfaces and their average dip toward the southwest.
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difference between the present-day elevation and the top of
sedimentation in the different parts of the basins, and the erosion/
sedimentation balance (Casas et al., 2000b; García-Castellanos et al.,
2003).
3.2. Sedimentation surfaces: reconstruction and dissection
Although at present most of the alluvial plain of the Ebro River
runs below 400 m a.s.l. (see Fig. 7), before the Quaternary erosional
processes the Ebro Basin was at about 1100 m in elevation (in
present-day coordinates), limited to the East by the Catalonian
Coastal Ranges. Some areas of the Duero basin record Neogene
sedimentation at similar elevations, favouring the interpretation that
the different Tertiary basins in north Spainwere connected at the end
of the endorheic stage (Santisteban et al., 1996; Casas et al., 2000b).
Conversely, in contrast with the Ebro Basin, most of the sedimentary
plain of the Duero River runs at present between 700 and 1000ma.s.l.
Erosion in the Ebro Basin progressed from east to west (García-
Castellanos et al., 2003), favoured by regressive erosion into the
Neogene endorheic basin (Babault et al., 2006). Following this
interpretation, the Duero basin is much less eroded than the Ebro
Basin, as can also be interpreted from the river profiles (Fig. 7). It
could be considered as an earlier stage in the exhumation evolution of
the basin, with erosion progressing from the west to the east. This
could also indicate a different intensity in the neotectonic activity
between the eastern and western parts of Iberia.
In the southern half of the Iberian peninsula the average ele-
vation is lower (Fig. 4), as the Tagus Basin can be divided into two
different sectors, separated by a threshold at the confluence between
the Central System and the Toledo Mountains: (i) the eastern sector
corresponds to a strongly subsiding terrestrial basin (Madrid Basin)
that was endorheic during most part of the Cenozoic and was
captured only at the end of the Miocene, with a total incision of
about 500 m; (ii) the western sector consists of several smaller
basins at lower elevations limited downstream by ridges, that were
endorheic during some periods of the Cenozoic (Proença Cunha
et al., 2005) and were probably open to the Atlantic before the
eastern part of the basin was. Both parts of the Tagus basin (eastern
and western) were only connected after the installation of the
Quaternary fluvial network. South of the Tagus basin, only the upper
part of the Guadiana Basin (La Mancha) shows an analogue scenario
of high plains linked to endorheic basins at elevations between 600
and 700 m a.s.l. (see Fig. 4).
3.3. Erosional surfaces
Flat surfaces are more commonly developed on Mesozoic rocks,
mainly Jurassic and Cretaceous marine limestones (Fig. 5B,C,E), with
many exo-karstic features. These are usually more frequent the older
and higher the planation surface is (Casas and Cortés-Gracia, 2002).
Planation surfaces linked to endorheic basins are arranged in stepped
levels (between 2000 and 1000 m in elevation), with different
Fig. 7. Longitudinal profiles of the main rivers of the Iberian peninsula. Elevation plotted against length (A) and against the normalised length (B) to allow direct comparison between
the different rivers.
8 A.M. Casas-Sainz, G. de Vicente / Tectonophysics xxx (2009) xxx–xxx
ARTICLE IN PRESS
Please cite this article as: Casas-Sainz, A.M., de Vicente, G., On the tectonic origin of Iberian topography, Tectonophysics (2009), doi:10.1016/j.
tecto.2009.01.030
degrees of dissection by the Quaternary fluvial network. However,
their reconstruction and correlation is still possible in some areas by
means of the elevation of the different remnants of planation surfaces
(Rodríguez Vidal, 1983; Simón Gómez, 1983, 1984; Gutiérrez Elorza
and Gracia, 1997; Gracia et al., 2001, 2002; Casas and Cortés-Gracia,
2002). On the sea-facing side of the mountains the elevation of
planation surfaces is usually lower, with recognised remnants down
to a few hundred meters above sea-level, allowing for the movement
of faults to be reconstructed (De Brum Ferreira, 1991; Vidal Romaní
et al., 1998).
Planation surfaces developed on Palaeozoic materials are not so
regular as surfaces cutting across the Mesozoic limestones, and
usually cover smaller areas, in a similar way to those developed in the
Axial Zone of the Pyrenees (cf. Babault et al., 2005). In many places
along the Iberian Meseta, Palaeozoic rocks formed residual relief
zones standing out on the peneplains (Fig. 5). However, the resistance
to linear erosion by rivers during the exorheic stage was probably
lower in the Paleozoic rocks, specially in fractured zones, than in the
Mesozoic rocks, favouring linear incision along the main Variscan
structural trends (NW–SE in the eastern part of northern Iberia, see
Fig.12, NE–SW in the Duero Basin and the Central System, Alvaro et al.,
1978; Cortés et al., 2003).
4. Constraints on rock uplift
4.1. Geological constraints: elevation of geological markers
The maximum uplift or subsidence of surfaces or rocks (for a
discussion of terms such us surface uplift, uplift of rocks and
exhumation we follow here the terminology established by England
and Molnar, 1990, see also De Bruijne and Andriessen, 2002) can be
constrained by means of geological markers, provided that such
features have known elevation at their formation time and were
flat in origin. In any case, it must be taken into account that
the accuracy in the detection of subsidence/uplift will be lower
than the original topographic irregularities of the chosen sur-
face combined with the uncertainties in the determination of its
original elevation. Both planation and sedimentation surfaces may
fit these conditions. However, since planation surfaces can form at
any height within a mountain range (as demonstrated by Babault
et al., 2005, 2007), and they can be reworked along long time spans
(Casas and Cortés-Gracia, 2002), their use as uplift indicators can
be problematical, even if their age, in the case of the Iberian
Peninsula, can be roughly constrained between the Late Eocene and
the Pliocene.
Surfaces older than the Neogene can offer a good reference,
especially when a sedimentary cover of known age is overlying them.
The main drawback of ancient surfaces is that their present-day
geometry is the result of cumulated events and that interpretation
must be done carefully in order to filter the topographic changes
derived from recent movements. In our opinion, two main geological
markers can be used to constrain the geological history of Iberian
topography (Fig. 8):
– Since the Upper Cretaceous consists of shallow marine lime-
stones, widespread throughout the Iberian plate (and much
of western Europe), the top of this sedimentary unit gives a
reliable indicator predating Tertiary deformation. The drawbacks
for using this surface are mainly related to (i) erosion of Upper
Cretaceous levels in many areas that only allow for minimum
values for its elevation, and therefore for uplift to be given
for these areas, and (ii) the long time span between the Late
Cretaceous and the Quaternary, that only allows for a time-limit
frame for the values given by other chronological techniques to
be obtained, but not for precising movements from 60 m.a.
onwards.
– The elevation of the top of the Paleozoic. The topography of
this surface is the result of the Mesozoic extensional move-
ments, the Tertiary compression and the recent movements. In
spite of its complex history, its elevation can give some clues to
reject models non-consistent with its long-wavelengths undula-
tions. It also allows for depicting deformational features in areas
(western part of Iberia) where the Upper Cretaceous is deeply
eroded.
The elevation of the top of the Palaeozoic basement (Fig. 8B)
reflects basin evolution during the Mesozoic (overall lowering form
West to East), and compressional uplift of the main chains during
the Tertiary (see e.g. Soto et al., 2006): linear E–W trend in the
Pyrenees, the Central System, and the Betic Chain, NW–SE trend in
the Iberian Chain, NE–SW trends in the Central System and the
Catalonian Coastal Range and NNE–SSW in the Vilariça left-lateral
Fault System. The main lows of this surface are located in intra-
plate continental basins (Tagus, Duero and Ebro basins) where it
reaches more than 4000 m below sea level (De Vicente et al., 1996;
Muñoz-Jiménez and Casas-Sainz, 1998; Casas et al., 2000b). Calcu-
lations considering local isostatic equilibrium (Casas et al., 2000b)
indicate a contribution of both filling of intra-mountain troughs
bounded by folds and thrusts and local isostatic compensation due
to the filling of these troughs.
Elevation of the top of the Upper Cretaceous (a flat surface at sea
level before the Tertiary compressional–extensional processes,
Fig. 8A) gives a clue for the uplift/subsidence of all the eastern part
of Iberia, where this surface is preserved, or can be reconstructed
reliably. The maximum amount of uplift since Late Cretaceous times
is given by this surface, what can help to contrast some of the
hypotheses proposed for the evolution of eastern Iberia. In areas
eroded below this level (top of the Upper Cretaceous), a minimum
amount of uplift can be obtained, although in the western third of
the Iberian peninsula the paleo-elevation of the basement during the
Late Cretaceous is not known and therefore uplifts calculated by this
method can be overestimated.
The contours of the Upper Cretaceous surface are also a good
indicator of the eroded volume of rocks in the different mountain
ranges. Some crests in the Iberian Chain are eroded up to 1400 m
whereas the average erosion above the present day topography in this
chain is 580 m (Casas and Cortés-Gracia, 2002). In the marginal areas
of the Central System and the Cantabrian mountains the geometry of
the Upper Cretaceous can also be reconstructed, but its position above
the present-day outcrops in the central part of these chains is more
speculative, withminimumuplift values higher than 2000m (see, e.g.,
De Vicente et al., 1996; Alonso et al., 1996; Alonso and Pulgar, 2004; De
Vicente et al., 2007). Although this can only be considered as a
minimum value, taking into account the thin-skinned compressional
deformation in these areas, the upper limit for the top of the Upper
Cretaceous is probably not much beyond this figure (see above-
topography reconstructions by Alonso et al., 1996; De Vicente et al.,
1996).
From the reconstruction of the top of the Upper Cretaceous both in
the mountain chains and the Tertiary basins, minimum tectonic
topographies of 7000 m for the borders of basins can be established,
with a time span for their formation extending from the Eocene
to present-day. This implies a strong component of compressional
tectonics in the present-day topography that should be taken into
account when considering models for the recent evolution of the
Iberian plate.
4.2. Geophysical data: crustal thickness vs. topographic elevation
Crustal thickness in the Iberian peninsula can be constrainedmainly
from gravimetric data (De Vicente, 2004), although some seismic
refractionprofiles canhelp to constrain gravimetricmodels (Zeyen et al.,
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1985; Tesauro et al., 2007). In general, the Bouguer anomaly clearly
defines the contour of the Iberian microcontinent, with sharply
decreasing values toward the eastern, northern and western coastal
lines (Fig. 9, Mezcua et al.,1996; DeVicente, 2004). The above-described
asymmetry in the elevation of the Iberian peninsula is also reflected in
the Bouguer anomaly map (De Vicente, 2004), with more important
negative anomalies (except for the Betic Chain) in the northern part of
the plate. Crustal thicknessmaxima followmore or less the trends of the
mainmountain chains (DeVicente, 2004): (i) CantabrianMountains and
Pyrenees, with crustal roots of more than 45 km, separated from each
Fig. 8. A. Elevation of the top of the Cretaceous (end of marine sedimentation at the beginning of the Tertiary compressional stage). B. Elevation of the top of the basement in the
Iberian peninsula. Data from Junco Aguado (1983), Junco Aguado and Calvo Sorando (1983), Jiménez et al. (1983), Riba et al. (1983), Lanaja (1987), Casas et al. (2000b), Herrero et al.
(2004), Soto et al. (2006).
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other by lower crustal thickness below the Basque–Cantabrian
mountains (resulting from the inversion of the Mesozoic Basque–
Cantabrian basin), where strong extensional movements took place
during the Cretaceous stretching stage (see e.g. Pujalte, 1982, 1989;
García-Mondéjar et al., 1996; Soto et al., 2008). Toward the west, this
crustal thickness maximum describes an NW-facing arc-shaped toward
the northwestern corner of Iberia, adopting there a NNE–SSW trend
that mimics the Vilariça Fault System, with similar crustal thicknesses;
(ii) The Central System, with a NE–SW elongated maximum, more
pronounced in the East, near the maximum thickness of sediments in
the high Tagus basin (Madrid basin), and progressively diminishing
toward theWest, becomingunnoticeable near the Portuguese coastline;
(iii) The Bouguer anomaly in the Iberian Chain is not so clearly defined,
probably because of the previous extensional history of this massif
during the Mesozoic that produced a wide area with extensional de-
formation, instead of rectilinear grabens (Guimerà et al., 1996). The
Iberian Chain, together with the Central System, defines a compact
rectangle-shapedpositive Bougueranomaly in thenorthern-centralpart
of Iberia, between the northern plate margin and the Tagus Basin. The
Catalonian Coastal Range, located towards the shoreline, does not show
a well-defined gravimetric anomaly, because of its proximity to the
positive areas of the Mediterranean marine platform; (iv) the Betic
Chain, with a strong anomaly parallel to the coastline continues to the
South with the important positive anomaly corresponding to the
Alboran Trough and (v) the mountain segments south of the Central
System, where the gravimetric anomaly is strongly conditioned by a
NW–SE lineament south of the Central System, coincidingwith the limit
between areas with thick Mesozoic cover and Tertiary compressional
deformation consisting of well-defined thrusts and foreland basins to
the NE (Iberian Chain, Central System) and the area without Mesozoic
cover and moderate thick-skin basement uplifts (Toledo Mountains).
Furthermore, this lineament can also be related to a Pliocene volcanic
area (Campos de Calatrava) and it represents a limit for instrumental
seismicity at present.
Several models regarding the high topography of the Iberian
Meseta have been defined, considering both extensional and compres-
sional origins (see, e.g. SimónGómez,1983,1984,1986,1989; Gutiérrez
Elorza and Gracia, 1997; González et al., 1998; Gracia et al., 2001, 2002;
Casas and Cortés-Gracia, 2002; Gutiérrez et al., 2008). A possibility to
distinguish between the two end-member models is the correlation
between crustal thickness and topographic elevation (Fig. 10). High
continental areas with crustal roots are probably related with thicken-
ing under a convergence regime, whereas elevated areas related to
crustal thinning can be linked to extensional processes (mainly rifting).
Intermediate models can be associated with lithospheric folding
(Cloetingh et al., 2006).
The relationship between topographic elevation and crustal thick-
ness or Bouguer anomaly (Fig. 10) allows for the different geological
areas to be differentiated according to their geophysical signature.
In the Iberian peninsula (Fig. 10), elevated zones within the northern
part of the plate coincide with areas of maximum crustal thickness
and a decrease (more negative) in the Bouguer anomaly, especially in
the Cantabrian mountains, the Pyrenees (western zone) and the
Central System, where no important extensional movements took
place during Mesozoic times. In the three main mountain ranges
(Pyrenees, Betics and Central System) there is a rough exponential
relationship between both parameters, the Central System showing
higher elevations for similar crustal thicknesses than the Betics
(intermediate relationship) and the Pyrenees (minimum elevation/
thickness ratio). The Iberian Chain is also characterised by a thick crust,
with a thicker crust in relation to the topographic elevation than other
areas in the Iberian mainland. It is important to note the relative
disagreement existing betweenMoho depth and Bouguer anomaly for
the Iberian Chain. The flat areas corresponding to the Iberian Meseta
(Duero Basin, Iberian Chain) fit within the intermediate elevation and
Mohodepth between 30 and 40 kmzone, relativelywell individualised
in diagrams shown in Fig.10A,B. In general, in all the extensive elevated
areas, except for the southwestern part of Iberia, there is a direct
Fig. 9. Bouguer anomaly map of the Iberian peninsula. Modified from De Vicente (2004).
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correlation between elevation and crustal thickness, which supports a
compressional/isostatic origin for most part of the uplift of the Iberian
Meseta.
4.3. The evolution from endorheism to exorheism: geomorphological
constraints
Low-level topography areas within the Iberian plate are linked
to (1) coastal plains delimited by Oligocene–Miocene normal faults
(Mediterranean coast), in continuity with the offshore plains of
the Valencia Trough or the Algerian basin, or related to the Atlantic
margin (Atlantic coast), (2) externally drained basins formed during
compressional deformation of the plate (namely the foreland Gua-
dalquivir Basin, limiting the southern part of the Iberian Meseta),
(3) Tertiary, internally-drained basins captured by the fluvial net-
work during the Miocene or the Plio-Quaternary (García-Castellanos
et al., 2003). Sedimentation during the Neogene throughout the
Iberian microcontinent (Fig. 9) was of alluvial/lacustrine type, with
alluvial fans sourced in the residual relief areas of the eroded
mountain chains surrounding the basins (Cantabrian mountains,
Pyrenees, Iberian Chain, Central System, see e.g. Casas et al., 2000b).
The occurrence of endorheic basins within the plate during this
period (Fig. 11) is a particular feature of Iberia. This conditioned
landscape development in the Iberian plate during all the Tertiary
and the Quaternary (e.g. Coney et al., 1996) evolving under the
following constraints:
Fig. 10. Bouguer anomaly (A) and depth to the Moho (B) vs. topographic elevation in different geological units of the Iberian peninsula. Vertical scale: elevation in km (A and B).
Horizontal scale: mGal (A) and km (B).
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– Because of the high base levels (continuously rising during the
filling of the basins), endorheic deposition preserved the massifs of
Palaeozoic and Mesozoic rocks from deep erosion. However, the
absolute height of base levels during the stage of formation of
planation surface is not known and information on this aspect can
only be obtained from geological markers (i.e., geometry of the
Upper Cretaceous marine limestones) and morphological features
along the western and eastern coasts.
– Deposition in endorheic basins contributed to relatively high
deposition rates, accommodation space resulting not only from
tectonic subsidence but also from topographic differences between
source areas (mountains) and basins (endorheic plains). This
makes a differencewith exorheic areas, and allowed for a thorough
sedimentary record of the Neogene to be deposited at the three
main endorheic basins (Ebro, Duero and Tagus).
– Deposition in basins bounded by mountain chains created a parti-
cular environment of isostatic conditions at the basin scale, be-
cause of the sedimentary filling of previous air-filled troughs, with
differences in density higher than 2000 kg m−3 (see discussion on
this topic in Casas et al., 2000b).
Since the Late Miocene–Pliocene, endorheic basins were cap-
tured by the present-day fluvial network. This process was linked
to: (i) regressive erosion in the Ebro Basin (García-Castellanos et al.,
2003; Babault et al., 2006). Although the capture of the endorheic
Ebro Basin was not directly related to tectonics, extensional move-
ments by normal faulting (negative inversion) with downthrown
blocks toward the Mediterranean coast and the offshore (Roca and
Guimerà, 1992; Roca, 1994) were responsible for narrowing the
mountain threshold separating the endorheic Ebro basin from the
sea and thus for facilitating the capture of the basin. (ii) in the Duero
and Tagus basin, flowing into the Atlantic at the passive margin,
the endorheic–exorheic transition was probably also driven by re-
gressive erosion. It was easier and more advanced in the case of the
Tagus basin (Martín-Serrano, 1991). According to other authors (De
Brum Ferreira, 1991), vertical movements in the onshore of the
Atlantic coast could also be responsible for both lowering the coastal
plains and hampering the Duero Basin from erosion during the
Quaternary.
River profiles reflect the main landscape features of the Iberian
plate and the endorheic/exorheic transition: The Duero fluvial basin,
draining the weakly-eroded Tertiary Duero basin, shows a strong
inflection where passing from the Tertiary basin to the coastal plain
across the Vilariça Fault System (see Figs.1, 3 and 7). Similar features
can be observed in the Sil river, that drains the northernmost part of
the Duero basin and is strongly incised in recent times (Fig. 5), and
Fig. 11. Evolution from endorheism to exhorheism in the Iberian peninsula through the Tertiary. Endorheic areas progressively reducing in surface with time.
13A.M. Casas-Sainz, G. de Vicente / Tectonophysics xxx (2009) xxx–xxx
ARTICLE IN PRESS
Please cite this article as: Casas-Sainz, A.M., de Vicente, G., On the tectonic origin of Iberian topography, Tectonophysics (2009), doi:10.1016/j.
tecto.2009.01.030
in the Alagon river, a tributary of the Tagus that is also cutting into
the Duero Basin. The Central System, that separates the Duero and
Tagus basins, also shows an unusual drainage pattern, with the water
divide closer to the Duero Basin, thus inducing a south-directed
drainage (towards the Tagus) for almost all of the internal range
rivers. Along its longitudinal profile, the Tagus river shows a profile
with a headward step farther east with respect to the Duero river,
probably reflecting the boundary of the Neogene endorheic zone
(Fig. 7). The Ebro river, because of the pronounced erosion of its
basin during the Pliocene/Quaternary shows a rather even profile
and represents a more advanced stage of basin erosion (less than
400 m mean elevation) than the Duero basin (close to 900 m mean
elevation in ints eastern part), with high levels of probable Pliocene
age preserved only in the westernmost part of the basin (Gonzalo
Moreno, 1979; Villena et al., 1996). As a summary, the Duero fluvial
basin is being captured by all adjacent fluvial basins: The Ebro river
to the E, the Sil river to the N (Fig. 5A) and the Tagus river to the S.
Different hardness of rocks being incised can be used as a reason to
explain this situation with respect to the Tagus, but not for the Sil
river.
The other rivers on the Mediterranean side (Turia and Jucar)
show more uneven profiles (Fig. 7), with sudden changes at about
600 m a.s.l. to join the low-relief surfaces corresponding to the
eastern part of the Iberian Meseta. These non-regular profiles can be
interpreted as early stages of the evolution towards regular profiles
resulting from young extensional tectonics near the Mediterranean
coast lowering the local base level. The Segura river occupied the
lowlands created by extensional tectonics in the Alboran domain and
the Algerian basin, its source area is located in the External Betics
and its longitudinal profile indicates that the Segura River is not
related with the Iberian Meseta.
As reflected by the westward pinchout of Upper Cretaceous
sediments, which are widespread in the eastern part of the Iberian
Peninsula, the paleo-topography (at the Iberian massif, western part
of Iberia) during the Late Cretaceous was high enough to allow for
Palaeozoic rocks to emerge above sea level during the Cretaceous sea-
level rise. From geological data Palaeozoic paleo-reliefs can be
estimated to be at least 100 m higher than the surrounding flat
surface, because this is the elevation difference between Palaeozoic
residual reliefs and the lowermost depositional Tertiary level. This
paleotopography is consistent with estimates established assuming
local isostasy (c.f. Gaspar-Escribano et al., 2004; De Vicente et al.,
2007). The residual topography is calculated from observed Tertiary
sediment thickness and observed topography in the Tagus and
Duero basins. From the assumption that positive values of residual
topography reflect Mesozoic paleo-topography, a paleo-topography
of ca 200–300 m can be interpreted in the western part of the
Tagus basin, and a higher paleo-topography, up to 800 m, in the
western part of the Duero Basin. The interpreted paleo-topography is
consistent with increased regional crustal thickness (excluding
sediments) interpreted in the gravity profiles of the Central System
(De Vicente et al., 2007). During the Oligocene–Middle Miocene,
sediments were transported from the topographic highs in the West
to the lows in the East. The Tagus and Duero basins became starved,
and their eastern parts gradually overfilled causing a levelling of the
topography in the western and eastern basins. At a later stage, a
drainage reversal gave way to the Atlantic polarity of the Tagus and
Duero Basins, favoured by a gentle tilting towards the SW. In the
Tagus basin this can be deduced from the dipping of the Upper
Miocene lacustrine limestones, initially related to the uplift of the
Central System with alluvial fan systems prograding toward the SE.
This could also suggest some kind of general uplift of the Iberian
Chain.
The other two main rivers on the Atlantic side of the Iberian
peninsula, the Guadiana and the Guadalquivir (Fig. 6) show even and
low profiles, determined by their evolution within exorheic basins
located between uplifted areas by recent lithospheric folding (De
Vicente et al., 2007), therefore defining a strong difference between
the northern (Iberian Meseta) and the southern halves of the Iberian
peninsula. The only exception is the upper Guadiana basin, with
Tertiary endorheic evolution and recently captured by both the
Guadiana and the Jucar rivers. The lower part of the Guadiana basin
could also be conditioned by horts and graben parallel to the N–S
coastline as interpreted by De Brum Ferreira (1991). In any case, the
marked regularity of the fluvial network pattern of the central-
western part of Iberia (Sil, Duero, Tagus, Guadiana and Guadalquivir)
is an argument favouring global lithospheric folding (Cloetingh et al.,
2002).
4.4. Lineament-controlled drainage pattern in the endorheic basins
The present-day morphology of the main Tertiary (endorheic)
basins (Ebro, Duero and Tagus) is strongly conditioned by fractures
(detected from lineament mapping of satellite images, digital elevation
models and aerial photographs, Fig. 12). In this paper we consider
that lineaments are straight linear features, presumably expressing a
subsurface phenomenon, that differ distinctly from the patterns of
adjacent features (Sabins, 1987). These lineaments show a NE–SW
dominant trend in the Duero and Tagus basins (Giner,1996; Cortés et al.,
1998; Casas et al., 2000a; Cortés et al., 2003) andWNW–ESE in the Ebro
basin (Arlegui and Simón, 2001; Arlegui and Soriano, 2003), coinciding
with the trend of the main rivers or their main tributaries (Fig. 12).
Lineaments are the result of fracturing, or at least there is a coin-
cidence between orientation of lineaments and faulting (Cortés et al.,
1998), with fractures showing, in general at outcrop scale, small or null
displacements (small-scale faults and joints), affecting horizontal
or sub-horizontal beds of different kinds of Neogene rocks (sandstones,
limestones and evaporites, Arlegui and Simón, 2001; Arlegui and
Soriano, 2003). The different development ofmorphological lineaments,
in different areas of the samebasin, andbetween thedifferent basins can
be related to the exhumation/erosion velocity during the Pliocene/
Quaternary and to the orientation of fractures compared to the fluvial
network. In general, lineaments aremuch better developed in theDuero
basin compared to the Ebro basin, and, within the Ebro basin, its central
part shows better defined lineaments than its eastern part. This can be
explained by a worse development of morphological lineaments (i)
where exhumation and erosion was stronger (Ebro basin vs. Duero
basin), and (ii) where themain rivers or tributaries are oblique or almost
perpendicular to themain fracture trends (N–S tributaries in the eastern
part of the Ebro basin). A different lineament distribution is found at the
Tagus basin, where lineaments aremuchmore evident when approach-
ing the Iberian Chain (eastern part).
In the Duero basin most lineaments can be interpreted as the re-
activation of faults in the Variscan basement, since their main trends
coincidewith previous crustal heterogeneities (e.g. TheMessejana Fault,
see location in Fig. 1 is nucleated on a large Jurassic basic dike) and
different geological units located at its borders (Cortés et al., 2003). Some
gentle tilting to theE canbeobserved in the terrace architectureof south-
directed streams in theNWcornerof thebasin. Themaximumage for the
fracturing stage can also be constrained from the age of the highest
affected unit, which is Late Miocene to Pliocene (Mediavilla et al., 1996;
Santisteban et al., 1996). However, little is known about the origin of the
tectonic regime causative for fracturemovement, since opening of joints
may occur under either wrench, extensional or isostatically-driven
regimes (Hancock, 1985; Simón et al., 1999; Arlegui and Simón, 2001).
In the Ebro basin, most faults on Neogenematerials are interpreted
to be of extensional origin (Simón et al., 1999; Arlegui and Simón,
2001) and could also correlate with ancient fracture trends. These
trends are NE–SW in the Catalonian coastal range, located in the
eastern boundary of the Ebro basin, and NW–SE in the Iberian Chain
(that forms the southern boundary of the Ebro basin) where very
similar lineaments are found. (Fig. 12). The dominant WNW–ESE
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fracture set in the Ebro basin has been related to extensional
movements (multidirectional extensional regime) linked to the
opening of the Valencia Trough in the East (Simón Gómez, 1989;
Capote et al., 2002). The age of fracturing in the Ebro basin is not so
well constrained as in the Duero basin, because most fractures are
preserved on rocks of Middle Miocene age, and outcrops of rocks of
Late Miocene age do not allow for lineament analysis, therefore only a
very vague lower limit can be given for this late fracturing stage.
In the Tagus basin, fracturing on Upper Miocene sediments do not
allow to establish a general stress regime (Giner, 1996), but a clear
difference is observed with respect to the other basins: intense
Quaternary faulting activity caused a straight NE–SW graben in the
lowermost part of the Jarama stream, with continuous sedimentation
and subsidence of more than 100 m thickness of fluvial sediments.
It is highly probable that older rocks throughout the Iberian plate
also underwent this fracturing stage, although it is very difficult to
recognise because of the superposition over older deformation periods
(Late-Variscan faulting, Mesozoic extension, Tertiary compression,
etc.). In an overall view, lineament maps indicate the prevalence of the
dominant NE–SW and NW–SE trends all over the Iberian Variscan
Masif (see e.g. Arthaud and Matte, 1975).
4.5. Uplift indicators
No systematic work has been done up to date to summarise
geomorphological and thermochronological evidences of uplift
during the Quaternary, and to correlate the different sectors of the
Iberian Meseta. Therefore, their quality and reliability cannot be
Fig. 12. Tectonic lineaments in the northeastern Iberian peninsula interpreted (B) from Digital Elevation Models (A). Note the prominent WNW–ESE lineaments in the Ebro basin
(northern part of the map), mainly developed on Neogene rocks, and the combined WNW–ESE and NNE–SSW lineaments in the Iberian Chain (southern part of the map). In the
northwestern corner of the figure the NE–SW lineaments dominant in the Duero Basin can be interpreted.
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completely assessed at present. However, in our opinion several
indicators of uplift can be used as a record for recent movements in
different parts of the plate:
– Stepped terrace levels of Quaternary alluvial deposits along the
main Pyrenean rivers (Lewis et al., 2000; Sancho et al., 2004),
indicating recent differential uplift of the mountain range with
respect to the Ebro Basin, although other fluvial terrace systems in
Iberia seem to be more influenced by climatic and eustatic controls
(Santisteban and Schulte, 2007).
– Pliocene elevated marine terraces of the N Cantabrian Mountains
(rasa paleosurfaces), with apparently reversed movements (sink-
ing) in the Galicia margin (De Brum Ferreira, 1991).
– Stepped erosion surfaces in the Atlantic coast (De Brum Ferreira,
1991), indicating a differential uplift of about 900 m according to
this author.
– Fission tracks analyses indicate an accelerated Pliocene uplift of
the Central System (De Bruijne and Andriessen, 2002) and the
Catalonian Range (Juez-Larré and Andriessen, 2002), that can be
related to morphological features (Tejero et al., 2006).
4.6. Recent stress field and seismicity
Onshore large-scale structures of Neogene and Quaternary age
are concentrated in the southern plate margin (Betic Chain and
its foreland), the northeastern sector (Catalonian Coastal Range),
the Eastern part of the Iberian Chain and the Atlantic margin.
Within the Iberian Meseta large-scale Neogene and Quaternary
structures are rare. However, several domains can be distinguished
(mainly from analysis of small-scale structures and earthquake
focal mechanisms) according to the main faulting mechanisms
during the Neogene and the Quaternary:
– In the Ebro basin and the Iberian Chain recent extensional paleo-
stresses (triaxial extension) and focal mechanisms are dominant
(Muñoz-Martín et al., 1998; Herraiz et al., 2000; De Vicente et al.,
2008). A similar pattern (Souriau and Pauchet,1998) is found in the
Pyrenees and the Catalonian Coastal Range, where the main
kilometric-scale recent faults (in general with a NE–SW trend) can
be found (Masana, 1994). At the Pyrenees, recent stress inversions
from moment tensor focal mechanisms (De Vicente et al., 2008)
indicate the prevailing of normal faulting parallel to the main
topographic highs. It could indicate some ongoing isostatic com-
pensation of the mountain range and the clear cessation of active
thrusting.
– In southern Spain, seismicity and recent faulting are linked to the
Africa–Iberia convergence in a NW–SE direction postdating
the An5 (Late Miocene) anomaly (Rosenbaum et al., 2002), with
normal (centre), reverse (West) and strike–slip (East) faulting
(Andeweg et al., 1999; De Vicente et al., 2008), the latter
dominantly dextral along the ENE–WSW lines parallel to the
northern boundary of the Guadalquivir basin.
– In onshore areas linked to the western Iberian margin (N Spain and
Portugal) focal mechanisms and recent faulting are extensional,
compressional and strike–slip (Cabral, 1989; Ribeiro et al., 1996;
Borges et al., 2001), although a relative dominance of strike–slip
faulting compatible with NW–SE compression seems to exist, with
thrustingmechanisms increasing towards the S (Stich et al., 2006;De
Vicente et al., 2008).
Spatial distribution of seismicity in the Iberian plate defines the
marginal areas of the Iberian Meseta, whereas seismicity within the
Meseta is scarce and limited to areas with important Tertiary
thrusts (Cameros massif, Central System) or with strike–slip and
extensional faults formed during the Mesozoic and the Tertiary
(Iberian Chain-Vilariça F.S.), where probably the continental crust is
much weaker (Van Wees and Stephenson, 1995). The instrumental
seismicity is more important in the Tagus Basin than in the Ebro
and Duero basins, in agreement with its more relevant Quaternary
faulting.
5. Discussion
What is the origin for the high elevation of the Iberian Meseta?
From the set of data here presented, two, not incompatible origins,
can be proposed, since probably both of them contributed to the
development of the present-day landscape. The contribution of each
of these two factors is still a matter of controversy, and new data are
necessary to established a well-defined model for the recent land-
scape evolution of the Iberian peninsula (Fig. 13):
– Alpine (mainly Cantabrian–Pyrenean related) compressional tec-
tonics was the principal responsible for closing internally-drained
sedimentary basins (Ebro, Duero, and partially, Tagus). The base-
levels for these internally-drained areas were progressively higher
because of their filling with sediments sourced in the bounding
mountain chains. Lithospheric folding contributed to the isolation
of terrestrial sedimentary basins within the plate.
– A recent stage of uplift, along with fracture re-activation, probably
related to the present-day seismicity and plate kinematics resulted
in rising the Iberian low-level topography, as interpreted from
geomorphological evidences. Because of the predominant normal
faulting focal mechanisms in the Pyrenees and the Iberian Chain,
isostatic rebound subsequent to crustal thickening could be inter-
preted as the source for this late uplift.
Are both causes compatible with the convergent regime (Africa–
Iberia–Europe) prevailing in the Iberian plate since Late Cretaceous
times? The Pyrenean compression was the responsible for the
thickening of the Iberian crust, specially along mountain chains, and
gave rise to lithospheric foldingas far as theAnti-Atlas. Themovementof
the Alboran domain in a westward direction brought about the sub-
sequent decoupling of the lithosphere. Decoupling was diachronous,
since it began in the eastern part of Iberia and progressively moved
towards the West. Accordingly, the coupled crust–mantle system with
prevalence of N–S convergence is still active in the westernmost part of
Iberia (Gulf of Cadiz and the Lusitanian basin), where the effect of
decoupling due to the emplacement of the Alboran domain is not
recorded at present. The isostatic rebound subsequently followed
decoupling, especially in eastern Iberia, the Pyrenees and the Iberian
Chain,with little influence of the Betic compressional system. According
to this hypothesis, the endorheic–exorheic transition in the Duero basin
could be a delayed, far-field effect of the mechanical decoupling
between Iberia and Africa.
Why are high areas at similar heights, and what has then
hampered erosion of the Duero basin and the upper part of the
Guadiana basin? According to De Brum Ferreira (1991) during the
Neogene uplift basins and horsts formed at the Atlantic margin
partly hampered the erosion of the Duero basin. However, this
hypothesis avoids considering the very origin of the Duero
endorheic Paleogene basin, that should be closed to the ocean in
its western part during most part of the Tertiary, because of the
transpressional activity of left-lateral NNE–SSW faults. Structures
resulting from this activity were probably the responsible for closing
the western basin boundary but their re-activation during the
Neogene and Quaternary is difficult to estimate from present-day
available data, since, as demonstrated by Babault et al. (2007)
planation surfaces can form at different heights in mountain ranges.
The different filling and evolutionary pattern between the eastern
andwestern Tagus Basin can be explained as related to themechanical
decoupling between Iberia and Africa during the emplacement of the
Alboran domain (Miocene) in the southern part of the plate, allowing
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Fig. 13. Conceptual sketch showing the evolution of the Iberian Meseta during the Tertiary and the Quaternary. See text for explanation.
17A.M. Casas-Sainz, G. de Vicente / Tectonophysics xxx (2009) xxx–xxx
ARTICLE IN PRESS
Please cite this article as: Casas-Sainz, A.M., de Vicente, G., On the tectonic origin of Iberian topography, Tectonophysics (2009), doi:10.1016/j.
tecto.2009.01.030
for extensional stresses in the Eastern Iberian plate to be generated
(Fig. 2). At this time, extension in the eastern part of the Iberian plate
co-existed with compression and lithospheric folding in the western
part of the plate (De Vicente et al., 2008; De Vicente and Vegas, 2009-
this issue).
South of the Tagus basin, the present day fluvial network cannot be
interpreted as the result of endorheic/exorheic transition because of the
continued thrusting activity during the Neogene (and until present) of
the Portuguese Central System (Ferreira-Soares et al., 2005; Stich et al.,
2005). The Guadalquivir basin has been also interpreted in terms of
foreland basin evolution (see e.g. Sanz de Galdeano, 1996).
Climatic constraints should also be considered as a possible
contribution for some of the changes occurring between the Tertiary
and the Quaternary, like the reversal in drainage in the marginal
areas of the endorheic sedimentary basins. The formation of
planation surfaces on Palaeozoic and Mesozoic rocks during most
part of the Tertiary is interpreted to be the result of pediplanation
processes (Gutiérrez Elorza and Gracia, 1997; Casas and Cortés-
Gracia, 2002, and references therein, see Fig. 5B,D). Global sedimen-
tation rates increased during the Pliocene and the Quaternary
(Peizhen et al., 2001) and therefore can account for an influence in
drainage change and coarse deposits overlyingmany of the remnants
of previously formed planation surfaces.
When comparing the highly elevated Iberian peneplains with
other elevated areas in the Eurasian alpine fold belt (Fig. 14)
differences arise especially when considering the area involved and
the amount of uplift or elevation in each case. Since most of them
were developed under a well-established tectonic regime, some
hints can be obtained for the evolution of the IberianMeseta (Fig. 14).
In general, dimensions of peneplains linked to extensional histories
and passive margins (oldlands on the Laurasia and Gondwana
continents, e.g. Kooi and Beaumont, 1994; Peulvast and Sales, 2004;
Jaspeen et al., 2006; Tinker et al., 2008) are larger and their evolution
includes time spans longer than the uplift evolution of the Iberian
Meseta. In addition, the uplift and evolution of some of these areas is
closely linked to glaciation–deglaciation processes. Peneplains
linked to compressional tectonic histories or convergent regimes in
Anatolia and central areas of Iran, Morocco and Afghanistan (Fig. 14)
are comparable in size to the Iberian plate. Furthermore, their
tectonic setting is also similar, since they are located in the
overriding, continental plate of the African–Eurasia subduction–
collision system. Two of them (Iran and Anatolia) also show a
complex system of high plains including both areas of erosion
(planation surfaces) and sedimentation (basin filling surfaces). In the
case of Iran, the development of planation surfaces is relatively
scarce with respect to the Iberian plate (i.e. high plains of Firuz Kun
and Sanbardan within the Alborz mountains), and they are strongly
dissected by the fluvial network, but their structural position and
morphological features are comparable with Iberian surfaces. The
different extension of this kind of surfaces with respect to the Iberian
peninsula can be related to the stronger tectonic activity and higher
topography in Iran. Since planation surfaces are formed by pediplana-
tion processes, long periods of slow deformation rates favour the wider
development of this kind of surfaces (see e.g. Casas and Cortés-Gracia,
2002). A similar context can be found in Anatolia (i.e. around the Tuz
Gölü endorheic basin), where the development and dissection of
different levels of planation surfaces are strongly influenced by Tertiary
and post-Tertiary tectonics (see e.g. Dhont et al., 1998; Tokay and
Altunel, 2005). Taking into account the age of the compressional
deformation, the IberianMeseta can be considered an ancient analogue
at slower convergence rate for the present-day endorheic, intra-
mountain basins of Middle-East Asia. In northern Africa (Atlas
mountains) faulting of planation surfaces by reverse faults and thrusts
and overall uplift is associated to the areas of active deformation (i.e.
Morel et al., 2000; Sébrier et al., 2006), whose moderate activity during
the Pliocene and the Quaternary can be compared to the Iberian Chain
and Central System during the Paleocene and early stages of the
Neogene and also provide a modern analogue for the evolution of the
Iberian peninsula, combining basement thrusting, basin inversion
(Arboleya et al., 2004), pediplanation and faulting of planation surfaces.
From the crustal thickness-elevation relationships a hypothesis
of isostatic uplift (probably erosion-triggered during post-Neogene
times) can be proposed for much of the recent uprising of
the Iberian Meseta, and contributions from uplift of rift shoulders
in an extensional setting (i.e. opening of the Valencia Trough)
is probably a minimum percentage of the total recent uplift. This is
consistent with the extensional re-activation of ancient fracture
lines, even though a convergent regime between Africa and Iberia
still exists, that probably was not able to transfer compressional
stresses to the inner part of the plate (De Vicente and Vegas, this
volume). Pervasive recent (post-Neogene) fracturing, as determined
from lineament analysis throughout the Iberian peninsula is the
result of re-activation of Late-Variscan fractures with different
orientations, with dominant directions changing in different areas
of the Iberian peninsula (NE–SW to NNE–SSW in the Duero basin
and the Portuguese basement changing to WNW–ESE to NW–SE
in the Iberian Chain and Ebro Basin). Post-Neogene fracturing can
be interpreted as the result of recent and present-day extensional
movements near the topographic surface (see e.g. Antolín et al.,
2008), consistent with the stress field in the upper crust deter-
mined from focal mechanisms and compatible with the erosion-
triggered isostatic uplift of the Iberian microcontinent. Although
some of the geodynamic models proposed emphasise the role
of extensional tectonics recorded in the Mediterranean margin in
the uplift of the Iberian Meseta (cf. Introduction section), in our
opinion extension did not increase the mean elevation of the
Iberian Chain and the Catalan Ranges, but induced the downwards
movement of the eastern blocks of faults toward the Mediterranean
side, consistent with crustal thinning as evidenced from gravi-
metric data.
Recent volcanism in the inner part of the Iberian plate may suggest
a contribution from thermal activity to the uplift of the IberianMeseta.
However, Neogene and Quaternary volcanic activity is strongly
localised and, in our opinion the crustal thickness pattern and thermal
flow distribution (Fernàndez et al., 1998) prevents interpreting an
important contribution from thermal uplift, as it occurs in other areas
of the Mediterranean belt (see e.g. Arboleya et al., 2004; El Harfi et al.,
2006), although new data from the Iberian mantle are needed to
discard this hypothesis.
From the data and discussions here presented it is evident that, in
spite of the amount of data existing up to date, there is still muchwork
to be done to unravel the origin of the Iberian Meseta, and especially
the contributions of Tertiary and Quaternary uplifts and the causes for
vertical movements. In our opinion, future works to be done should
include the following aspects:
– precise dating of deformation along recent faults, that will allow
for a chronological reference frame of different movements in the
different parts of the plate to be established. Furthermore, the
determination of movement rates along faults can help to con-
strain rates of uplift for the different domains.
– dating of deposits linked to recent events, especially those linking
the endorheic and exorheic stages in the different basins.
– establishing the relationships between recent faults and seismicity
in the margins and inner part of the plate.
– dating the exhumation of the mountain chains and their relation-
ships with the filling of the foreland basins.
– determining the palaeoclimatic evolution linked to changes in
elevation of endorheic sedimentary basins would help the recon-
struction of paleoelevations in different basins in an independent
way and compare the results with exhumation obtained from
fission track data.
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6. Conclusions
The Iberian Meseta stands as one of the main features of the Iberia
microcontinent, and can be considered as consisting of a complex
system of surfaces that form a low relief landscape. From the geo-
logical point of view these surfaces resulted either from erosion or
sedimentation along the Cenozoic history (Paleogene to present) of
the Iberian microplate.
In our opinion, the morphological, geophysical and structural
features of the Iberian Meseta, (including its topography, fracturing,
seismicity, etc.), can be explained after an important contribution
(Fig. 13) from Alpine compressional or transpressional deformation
(uplift of the Pyrenees, Iberian Chain-Catalonian Coastal Range,
Central System, western margin of the Duero basin and Betic Chain)
that delimited the main uplifted areas and the endorheic basins
during most part of the Tertiary.
The other main contribution to the formation of the IberianMeseta
was the recent uplift (Fig. 13) of the northern part of the Iberian plate
(the Iberian Meseta) as a result of plate-tectonics configuration,
derived from the important role played by the decoupling induced by
the emplacement of the Alboran domain in southern Iberia during the
Europe–Iberia–Africa convergence. Isostatic adjustment resulting
from crustal thickening, erosion during the endorheic–exorheic
drainage transition and the lithospheric folding process in southern
Iberia (also resulting in elevation of intra-basinal areas) were different
results of this process. Disgracefully, at the present state of knowledge
about the evolution of the Iberian plate, it is not possible to quantify
either the contribution of both processes or the absolute age of uplift
during its Cenozoic history. Future works considering tectonic and
climatic inputs will be necessary to unravel the Cenozoic history of the
Iberian Meseta.
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